In a confined, silty sand aquifer of low transmissivity, constant-rate pumping can rapidly dewater the pumping well without creating measur able drawdown at nearby observation wells. To overcome this difficulty, a constant-head test is performed by overflowing the test well by water injection. The difference between the injection rate and the overflow rate directly gives the cumulative volume V (t) entering the aquifer, which is w characteristic of the aquifer hydrogeologic properties and can be used for parameter estimation. The field experiments include two constant-head injection tests, CHITl and CHIT2, performed at two different wells, respectively. Semilog plot of t/V )t) of CHIT2 indicates little or no skin, and the two unknown parameters of the storage coefficient and transmis sivity can be uniquely determined in a similar way by the well-known Jacob semilog method. Semilog plot of tJV w(t) of CHITl, however, shows the ex istence of well skin, and a curve matching method is developed for estimat ing the four pertinent parameters. Among them, the aquifer transmissivity can be uniquely determined while the skin transmissivity, the skin thickness, and the storage coefficient are obtained in appropriate ranges. To avoid non-unique estimates of aquifer parameters, therefore, the test well should be carefully constructed with complete and thorough well development to prevent skin region from happening. Due to the limitation of the site hydrogeology, only slug tests can be performed for the sake of validating transmissivity. The transmissivity values determined from the CHITs and from the slug tests are in good agreement, supporting the usefulness of the CHIT. The aquifer transmissivities estimated from CHITl and CHIT2 are within 14% difference, indicating that the aquifer is relatively homogeneous in the neighborhood of the two test wells.
INTRODUCTION
There are two kinds of pumping tests, the constant-rate test (CRT) and the constant-head test (CHT), which can be used for aquifer parameter estimation. The CRT is a multiple-well test in which groundwater is withdrawn at a constant rate Q at the pumping well, and draw down at observation wells is measured for parameter estimation. The CHT, however, is fre quently performed in a single well, in which groundwater extraction is achieved by lowering a constant head h , and the transient flow rate Q (t) is measured for parameter estimation w w (Kruseman and de Ridder 1990) . In comparison to the CHT, the CRT has received much attention and many well hydraulics theories have been focused on it (Streltsova 1988; Kruseman and de Ridder 1990; Hantush 1964) . However, in low-transmissivity aquifers the CRT is not useful because it can easily result in "tight, deep cones of drawdown" (Freeze and Cherry 1979) . Consequently, the CRT dewa ters the pumping well within a short period of time without creating measurable drawdown at nearby observation wells for data analysis. For example, a CRT was performed at a 4-inch diameter well in the confined, silty sand aquifer at the Groundwater Research Well Field on campus. Before pumping, the water depth at the well was 23 meters, giving 180.6 liters of standing water in this well. The pumping rate used was as small as 22 I/min and dried up the well in about 14.6 minutes with a total yield of 321.2 liters. As a result, the average groundwa ter flow rate entering the well was 9.63 I/min. To keep the well flowing, Q must be less than 9. 63 I/min, which nevertheless produces little or no drawdown at a nearby observation well that is 5 m away. Therefore, the multiple well CRT is not suitable for this silty sand aquifer.
On the other hand, the CHT is particularly useful in aquifers of low transmissivity. This is because a fixed water level is maintained at the pumping well, so the well does not run dry. For example, geotechnical engineers employ the CHT to determine the hydraulic conductivity of clays (Wilkinson 1968; Tavenas et al. 1983 Tavenas et al. , 1990 Novakowski 1993) . Hydrogeologists also use it to estimate the aquifer transmissivity and the storage coefficient of weathered and un weathered glacial tills (Jones et al. 1992; Jones 1993) . In petroleum engineering, however, the constant-head conditions are associated with oil production into a constant-pressure separator or pipeline, steam injection into a back pressured turbine, or flow to the atmosphere (Ehlig Economides and Ramey 1981) . In addition to these problems, many environmental incidents have created groundwater contamination in low-transmissivity aquifers in Taiwan. The inves tigation and remediation of these aquifers require knowledge of aquifer parameters, which can be appropriately estimated by the CHT. However, it is important to know that the CHT can also be used in aquifers of high transmissivity.
Well bore storage effect usually exists in a CRT. But, it does not occur in a CHT because the water depth at the test well is kept constant. Well bore storage adds one more unknown parameter to the data analysis. If the analysis does not properly handle well bore storage effect, it can easily account for the 1-2 orders of magnitude overestimation of specific storage (Mucha and Paulikova 1986; Narasimhan and Zhu 1993) . Therefore, the CHT merits attention in prac tical application, especially when considering the estimation of the storage coefficient of the aquifer.
Only a few well hydraulics theories are available for the CHT. For confined conditions, Jacob and Lohman (1952) gave an analytical solution of Qw(t) in an infinite series, of which the large-time approximation is
(1)
The right-hand side of (1) is mathematically identical to the large time asymptotic solu tion of the well-known Theis solution for the CRT. By the semilog method given by Cooper and Jacob (1946) , T and S can be determined with h /Q (t). For the original infinite series w w solution, Murdoch and Franco (1994) gave an approximate solution that is easier to compute. For leaky aquifers, Hantush (1959) gave a solution for the CHT.
In practice, maintaining a constant water level at a well and measuring its flow rate may not be easy (e.g., see Tavenas et al. 1990; Jones et al. 1992) . To deal with these difficulties, a constant-head injection test (CHIT) was developed in which the test well was injected and overflowed with surface water. This overflow at the top of the well ensures a constant head.
The difference between the injectioa rate and the overflow rate gives the cumulative volume V w(t) that enters the aquifer. Since no groundwater is withdrawn, no surface treatment of contaminated groundwater is needed, which is an advantage for characterizing contaminated aquifers if injection of water is allowed.
The cumulative volume V (t) is the integration of Q (t) with respect to time,
0 For a homogeneous condition, van Everdingen and Hurst (1949) gave an analytical solution of V jt). They mentioned that V jt) was useful in checking the material balance when analyzing the pressure behavior of a reservoir. Uraiet and Raghavan (1980) used V w(t) in determining the average reservoir pressure before the onset of possible boundary effects. Olarewaju and Lee(l 989) noted that V w(t) could be useful for production forecast. So far, V jt) has not been used to estimate the aquifer parameters. For the CHIT, therefore, it is needed to develop pa rameter estimation methods of using V w(t).
Furthermore, drilling in Taiwan usually involves using drilling mud, especially when uti lizing the cable-tool percussion method. The drilling mud can permeate the porous materials surrounding the borehole. When the aquifer has a low transmissivity, the processes of well development usually cannot completely remove the invading drilling mud. The porous media containing the residual drilling mud forms the so-called skin region. The thickness of the skin region can range from afew millimeters to several meters (Novakowski 1989) . At observation wells, the influence of the skin region diminishes with the increasing pumping time (N ovakowski 1989; Chu et al. 1980) . At the pumping well, however, the skin effects never disappear (van Everdingen 1953; Streltsova 1988; Olarewaju and Lee 1989) . Therefore, the single-well con stant head test must take into account the skin effects, if the skin region exists.
If the transmissivity of the skin region is less than that of the native aquifer, the skin region is called a positive skin; in opposite cases, it is called a negative skin. In mathematical models, the infinitesimal skin approach and the finite skin approach are used to study the skin effects. The infinitesimal skin approach assumes that the skin region has an infinitesimal thickness, and the associated skin effects are lumped into a single parameter called the skin 
where p is the Laplace transform parameter of the dimensionless time 't.
In (3), S k is positive for positive skin, and zero for no skin. However, (3) cannot be used to deal with negative skin by setting Sk negative because V w(t) would be less than zero if Sk were negative (Hurst et al. 1969) . When working with negative skin, the finite skin approach is particularly useful. As shown in Fig. 1 , the finite skin region extends from r to r with a w s transmissivity T., and the native aquifer exists beyond r. with a transmissivity T. As far as the storage coefficients of the aquifer and of the skin region are concerned, no field evidence has ever indicated that they must be different. In fact, Olarewaju and Lee (1989) , and Novakowski (1989) assumed them to be the same.
The finite skin approach is also applicable for positive skin. For the CRT (Hawkins 1956 ) and the CHT (Uraiet and Raghavan 1980), Sk of the infinitesimal skin approach is related to pertinent parameters of the finite skin approach as The CHIT needs to develop parameter estimation methods of using V (t). The possible . w skin effects are taken into account by the finite skin approach, where the aquifer storage coefficient and the skin storage coefficient are assumed to be the same S. Therefore, a total of four parameters, T, T,, S, and r,, are to be determined. The purposes of this paper are to develop parameter estimation methods of using V jt), to discuss the field experiment of the CHIT, and to determine the pertinent parameters of the silty sand aquifer from the field data of cumula tive volumes from two CHITs.
THEORETICAL ANALYSIS

The Semi-Analytical Solution
For the finite skin model shown in Fig. 1 , Novakowski (1993) gives the Laplace domain solution of the dimensionless flow rate in the constant-head well as ( 5 ) The cumulative volume in the Laplace domain can be easily determined from Qw(p) by the following relation (Wylie and Barrett 1982; p.411) ,
Therefore, dimensionless V Jp) with the presence of finite skin is obtained by dividing Qw(p) of(5 ) by p,
In the following discussion, Laplace inversion of V jp) or other Laplace-domain solutions are numerically carried out by the Stehfest(1970) method.
Characteristics of 'tN) 't)
Once the constant-head injection starts, the head of groundwater begins to bu ild up in the vicinity of the test well, then the cone of head buildup expands outward. During an early time period, the cone of head buildup stays within the skin region. During an intermediate time span, the cone of head buildup moves across the boundary between the skin region and the aquifer. At later times, the cone of head buildup moves into the aquifer. The temporal variation of V , in terms of 't/V ( 't), can reflect the hydrogeological properties of the medium through w w which the cone of head buildup passes. Figure 2 illustrates the characteristics of logarithmic 't/V w( 't) useful for the determina tion of parameters. When there is no skin, the aquifer becomes homogeneous and a=P,=1. For this homogeneous case, the logarithmic 't/V w< 't) presents a smooth curve with a straight- 
According to (2), differentiation of V w(t) with respect to time gives Qw(t). Differentiating V w (t) of (8b) and rearranging terms afterwards results in (1), validating the regression relations of (8).
If well skin exists, 't'N j 't') becomes dependent on Ps. When Ps is small (e.g., p, = 3) , the curve is similar to that of the homogeneous case. However, when Ps increases (e.g ., Ps = 15, 100, or 300), the associated curves exhibit a pattern in which an early-time and a late-time straight lines are joined by a smooth transitional curve. All the late-time straight lines are parallel to a constant slope of 1.151. Moreover, the vertical distance between the late-time straight line of P s = 1 and any late-time straight line of Ps >1 is equal to Skas defined in (4). Hence, the late-time straight line for Ps >1 can be expressed by adding (4) to (8), or Figure 2 shows that each early-time straight line has a specific slope of m1, which is proportional to the slope of the late-time straight line, m2• It should be emphasized that m2 is always 1.151 on semilog plot of 'tNw('t). However, if Ps is large (e.g., Ps:::: 100 and 300), m/m2 is exactly equal to a, and thus m1 is 1.151 a. The early-time straight line of a large P s intercepts the logarithmic axis at 't= a/0.83, as shown in Fig. 2 . As a result, the early-time straight lines for a large Ps can be expressed by
The dimensional form of (10) is independent of the aquifer properties because the con stant-head injection's influence stays within the skin region at early times. For 15< Ps <100, m/m2 is no longer equal to a, but increases from 0.85 to 1.0 a. Thus, the corresponding values for TIT. range from 1.0 m/m2 to l.18m/m2• Due to the changing m1, the regression relations for the early-time straight lines cannot be easily identified. If Ps is small, however, the early-time straight line does not exist.
The difference between the infinitesimal skin approach and the finite skin approach can be understood by comparing 'tNw('t) determined with (3) and (7). Setting Ps to 3, these two approaches yield congruent results, except when 'tis less than 103• This early-time deviation results from the infinitesimal skin approach assuming a steady-state groundwater flow in the skin region, while the finite skin approach does not (Uraiet and Raghavan 1980) . When Ps is increased to 15, (3) is only valid for the late-time straight line as 'tis greater than 5xl 04• For 't less than 5xl04, the infinitesimal skin approach yields a smooth curve, while the finite skin approach gives a straight line approximation. Therefore, if the field data of semilog t/V (t) w does not show a straight line at early time, the skin thickness is relatively small and can be ignored, or the infinitesimal skin approach should be used in such instances. But, when both the early-time and late-time straight lines appear, the skin thickness cannot be neglected and the finite skin approach should be used. The so-called pressure derivative data dP/d(logt) are frequently used in petroleum engi neering to investigate the oil pressure variation (e.g., Bourdet et al.1989; Tiab and Kumarl980) .
Here, the derivative data of 'tN w ( 't) are defined as d[ 'tN w ( 't) ]/d(log 't), which explicitly expresses how 'tNw('t) varies with logarithmic 't on semilog paper. For example, when the derivative data d[ 'tNw('t)]/d(log 't) become constant, 'tNw('t) on semilog paper is a straight line with a slope equal to the constant value of d[ 'tNw('t)]/d(log't). When d[ 'tNw('t)]/d(log ( 't) changes slowly, 'tNw('t) can be approximated by a straight line on semilog paper. When d[ 'tNw('t)]/d(log 't) changes rapidly, 'tNw( 't) cannot be a straight line on semilog paper.
As shown in Fig. 3 , when Psis 300, the derivative data curve reaches a limiting value of As p, is 15, the derivative data curve varies slowly for 40<'C<200, during which d
is approximately 85% of the limiting value 1.151 a. As p, is 100, the derivative data curve for 103< 'C<l04 is nearly 1. 151 a. Therefore, as Ps varies from 15 to 100, semilog tN w ( 'C) for small 'C can be approximated by a straight line, of which the slope changes from 0.98 to 1.151 a. However, the derivative data curves for 'C greater than 105 reach a constant 1.151. This confirms that the late-time straight lines of semilog tNw('C) have a constant slope 1.151. As p, is 3 and 1, the derivative data curves vary relatively rapidly before reaching the limiting value 1.151 for 'C greater than 103• This indicates that semilog 'tNw('C) is a smooth curve . with a straight line tail at large 'C, for Ps being small. In summary, if semilog plot of field data tN jt) demonstrates early-time and late-time straight lines joined by a transitional curve, the skin thickness is relatively large (i.e., Ps > 15 or r8> 15r), and the finite skin approach should be used for data analysis. The ratio of the slope of the early-time straight line, m1, to the slope of the late-time straight line, m2, is related to the transmissivity ratio a( a= TIT.). If p, is greater than 100 (i.e., r,> lOOr), m/� is equal to a.
Under most field conditions, however, the skin thickness r, is not likely to be greater than lOOr w
, and m/m2 can be generally assumed to vary from 0.85 to 1.0 a. The possible range of TIT, can thus be assumed to change from l.Om/m2 to l.18m/m2• When semilog plot of field data t/V j t) shows a smooth curve with a straight line tail at large times, the skin region is relatively thin that it can be either ignored or studied using the infinitesimal-skin approach.
Development of Parameter Estimation Method
The cumulative volumes are measured in real time, and the above dimensionless analysis must be converted into the dimensional analysis for parameter estimation. Writing (9) in the dimensional form gives t/V Jt) of large times,
The straight line expressed by (11) intercepts the abscissa of logarithmic time at and the slope of ( 11) is tz =
1.205
Sr� (rw )2(TIT,-I)
0. 1 83
The procedures of the curve matching method are given below.
( 1 1) (12)
1. Prepare the field data curve by plotting 2 rrThJt!V Jt)] against logarithmic time on semilog paper. Determine the slope m 1 of the early-time straight line, and the slope m2 of the late time straight line. By (13), T can be uniquely determined with m 2 . It should be noted that field data curves prepared in terms of 2 rr Thw[t/V w(t)] are of the same magnitude as the curves of semilog r.Nw('f.); this is conducive to curve matching. 2. Estimate the possible range of Ps by rewriting (12) as
2
The typical values for S range from 10·3 to 10·5 (Bear 1972; Freeze and Cherry 1979) . The possible range for a lies between m / m2 and 1.18 m/m2, as discussed above. The unique value of Ti s known from Step 1. Consequently, the appropriate range of P s can be deter mined using (14). 3. Prepare type curves by plotting 'f.Nw('f.) against logarithmic 'ton semilog paper. This is the same scale used for the field data curve. On each type curve paper, an a value between m/ m 2 and 1.18 m / m2 is selected. Associated with this a are type curves of P s that fall in the range determined by (14) in Step 2. in use should be disregarded. New type curve paper of a different a is then used until a matched position is found. semilog plot of t/V w(t) shows no early-time straight line but only a late-time straight line, the skin effects can be ignored, and only T and Sare to be determined . By (Sb), Ti s determined from the slope of the late-time straight line, m2, using (13). And, S is determined form the intercept, t2, using (12) but let r, equal rw and T, equal T.
FIELD EXPERIMENTS
Site Hydrogeology
As shown in Fig. 4 , there are six multilevel well nests in the Groundwater Research Well
Field on campus. The campus is on the Tao Yuan Tableland, a thick sequence of Pleistocene Table 1 and Gravels representative of rapid accumulations of erosion materials that have been (i.e., alluvial deposits) washed down from hilly regions (Juan 1954 ). These deposits consist of an upper sequence of a red-brown lateritic soil underlain by rounded boulder sized sandstone casts in an uncemented mixture of sand, silt and clay; there is also a lower sequence of interbedded, well consolidated sand, silt, and clay.
Each multilevel well nest is a 30-cm diameter borehole hosting three stainless steel 4-inch wells at different depths. In each nest, the first well has a wired screen of Sm in the upper sand and gravel layer, the second a wired screen of 4m in the upper silty sand layer , and the third a wired screen of lOm across the lower silty sand layer. To avoid cross flow, bentonite was used to isolate the three wells in a nest. The six boreholes were drilled using the cable tool percus sion method with drilling mud. The groundwater levels inside the first and the second wells were about 8 meters below the ground surface, indicating that the upper sand and gravel layer and the upper silty sand layer are hydraulically connected. The groundwater levels at all the third wells were about 10 meters below ground surface. Thus, the lower silty sand aquifer is under a confined condition independent of the above units by the upper clay layer. There were two CHITs performed at the third well of nest 2 (test well 1) and at the third well of nest 5 (test well 2). The lower silty sand aquifer is the target aquifer under examination, and it has an aquifer thickness b of lOm. 
Experiment Facilities and Experiment
As shown in Fig. 5 , the CHIT system consists of three major parts: a water supply unit with a water storage tank and a discharge tank, a water weight measurement tank connected to an electronic balance and a personal computer, and an overflow control unit adjustable in length to give different constant heads for the test well. Prior to the CHIT, the water weight measurement tank was filled with water in a known weight, W0• A fixed length of the overflow control unit was threaded onto the test well to ensure a constant buildup under the overflow condition.
During the CHIT, the water weight measurement tank feeds the test well through the overflow control unit at an inflow rate of Qi(t). Under the given head, a portion of the injection water enters the silty sand aquifer at a flow rate of Qw(t), and the remainder returns to the water weight measurement tank at an overflow rate of Q (t). The difference between Q.(t) and Q (t)
results in Q (t). While Q (t) decreases with time, Q (t) increases with time as Q.(t) remains
constant in a CHIT.
If water initially stored in the water weight measurement tank is sufficient to sustain the injection, replenishment of this tank is unnecessary. Otherwise, however, surface water is delivered to the water storage tank and then pumped to the discharge tank, maintaining a constant head of H T ' There are six discharge valves of different diameters at the bottom of the discharge tank. Their discharge rates against J4 were pre-determined in the laboratory. With the six available discharge rates, a proper, known flow rate, Q . , can be adjusted to replenish the water weight measurement tank without overlilling. Since Q.(t) and Q (t) are unknown a priori, Q (t) is determined by the water weight change
inside the water weight measurement tank If this tank is considered a control volume in which water compressibility is negligible under the atmospheric pressure, the mass balance principle gives or
in which w(t) is the water weight of the water weight measurement tank at any specific mea-suring time, and yw is the specific weight of water. Differentiation of the measured w(t) with respect to time amplifies the imbedded data noise, causing the data points of Qw(t) to scatter, thus rendering them unsuitable for data analysis. Integration of (18) with respect to time over comes this problem and results in V w (t), 
Field Data Analysis
Field data from the two CHITs are presented in Fig. 6 . Because h used in these two tests w were different, the field data are presented in terms of h tJV (t) instead of tJV (t) for the sake of the late-time straight line is 109 min/m2• Thus, Tis 1.68X10-3 m2/min as determined by (13). The associated hydraulic conductivity is 2.8 x 10·5 m/sec, which is appropriate for the silty sand aquifer (e.g., see Freeze and Cherry 1979) . The intercept t2 is 3.34X 10-20 min. By setting r , equal to rw and Ts to Ti n (12), Si s determined to be 1.86x10-20, an unreasonably small value. Therefore, if the skin region is neglected, T can be determined from the slope of the late-time straight line, but S will be incorrectly estimated by the intercept of this line.
When well skin is taken into account, T remains unchanged as 1.68 x 10·3 m2/min. However, the possible range of a needs to be evaluated using the slopes of the early time and the late time straight lines of the field data. Since the slope m 1 of the early-time straight line is deter mined by the least square method to be 717min/m3, the minimum possible a is m 1 /m2 or 6.6, and the maximum possible a is l.18m/m2 or 7.9. By assuming10·5<S<l0·3 and 6.6<a<7.9, p, is evaluated using (14) to be in the range of 15 to 33.
After the appropriate ranges for a and p s are determined, the type curves can be prepared. Although there are multiple combinations of a and Ps, usually a few groups of different a and Ps are sufficient. A total of four groups of type curves are used here. Each group has a specific a; namely, a =6.6, 7.0, 7.4, and 7.9. For any given a, a number of type curves are associated with appropriate Ps from 15 to 33. The curve matching follows the work described in Step 4. Taking the group of a=6.6 as an example, the field data curve is best matched with the type curve of Ps = 33, as shown in This completes one set of curve matching, and the ranges of S, r, and T, are obtained by repeating the curve matching procedures for the rest three groups of type curves.
The results of matching the field data with the four groups of type curves are tabulated in Table 1 . The storage coefficient falls between 1.3 X 10-3 and 2.52 X 10-3, appropriate for the confined condition. The skin thickness ranges from 0.85 to l.6m. The skin thickness defined in the model includes the gravel pack thickness because r, is taken from the well bore surface at r instead of from the borehole surface. If the average gravel pack thickness is assumed to be w 0. lm because the borehole radius is 0.15m and the well bore radius is 0.05m, then the possible thickness of drilling mud invasion into the native aquifer varies from 0.75 to l.5m. The trans missivity of the skin region ranges between 2.13 X 10-4 and 2.55x104 m 2 /min, which is about one order of magnitude smaller than T. Thus, the skin region is considered positive skin.
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'tm'=5.2 X102 Fig. 7 . Field data curve best matched with the type curve of p, = 33 for a =6.6 .
Based on these results, the equivalent Sk defined by (4) varies from 19.58 to 19.94. The ranges obtained for r,, T,, S, and Skare rather narrow. Therefore, their averages are appropriately representative of the respective parameters. That is, the four parameters for the silty sand aquifer may be, for instance, T=l.68xI0-3 m 2 /min, S= l.88xI0·3, Ts= 2.34xl0·4 m2/ min, and r,= 1.25 m measured from the borehole surface. The finite skin is positive and its equivalent skin factor is 19.77.
The field data of hwt/V jt) of CHIT2, however, presents a smooth curve with a straight line tail for t greater than about 200 minutes. This trend resembles the curve associated with the homogeneous case, as given in Fig. 2 , and thus little or no skin is assumed for test well 2. By the least square method, the slope of the straight-line tail is 126 min/m2, which corresponds to a T of 1.45x10-3 m2/min. The T determined from CHIT2 is about 14% less than the T determined from CHIT I, indicating that the aquifer is relatively homogeneous in the neigh borhood of the two test wells. The straight-line tail intercepts the abscissa at t 2 :::: : 3.48xl03 min, which gives S=l.68xl0-3 by using (12). This S value falls within the range of S estimated with the field data of CHITl, and is 11 % less than the averaged S=l.88 xI0-3, supporting the results obtained by the curve matching method.
As depicted in Fig. 4 , the silty sand aquifer is typical of no leakage effect because it is sandwiched between two clay layers. Since the second well in each nest is screened across the upper silty sand layer, no drawdown observed at the second wells of nest 1 and 2 during the tests further indicates little or no leakage across the upper clay layer. In spite of these field evidences, the Hantush (1964) model is used to quantitatively verify that the silty sand aquifer has no leakage effect because, if leakage exists, the estimation of the storage coefficient could be biased.
The Hantush (1964) model deals with a constant head pumping in an aquifer subject to leakage from the overlying aquitard. The aquitard has finite thickness b', a storage coefficient S ', and a hydraulic conductivity K'. On top of the aquitard, there is another aquifer in which the head remains unchanged during the test, similar to the field condition of the current study.
Well skin is not taken into account in this model, and thus T=l .4Sx10-3 m2/min and S= l .45x 10-3 as obtained from CHIT2 are used here for the silty sand aquifer. The Laplace-domain solution of dimensionless drawdown in the aquifer is (Hantush 1964) h ( .
where 
The dimensionless parameter f3 can be considered as the leakage factor representative of the leakage strength . A larger p indicates stronger leakage, and p is zero for no leakage. As shown in Fig. 4 , if the top clay layer is considered an aquitard to the silty sand aquifer, its average thickness b' is 3 m. Since the hydraulic conductivity of clay typically ranges from 10-s to 10-11 mis (Fetter 1994; Freeze and Cherry 1979) , K' is selected to be 10-8 mis for the maximum possible leakage effect. Then f3 is 3x 10 7, which is the largest possible leakage factor in the current study. The dimensionless parameter a is the storage ratio of S' IS, and a larger a indicates an earlier leakage. Although the range of the specific storage of clay is not clearly documented in the literature, for the purpose of the current study a = 10 (that is, S' of clay is as ten times large as S of the silty sand aquifer) is large enough to check if the maximum possible leakage could occur during the test period of CHIT2.
As shown in Fig. 8 , the field data of h t/V (t) from CHIT2 are compared with the curves calculated by numerically inverting (21) by th� Stehfest method. When P=3xl0-7, the curve associated with a = 10 deviates from the curve of p = 0 at about t= 100 minutes. The curve of a = 0, however, delays its deviation to t = 2000 minutes. The fi eld data of h t/V (t) from w w CHIT2 do not fall on these curves of P= 3xl0-7• Instead, the field data coincide with the curve with p =0, confirming that there is no leakage .. In a shallow unconfined glacial till aquifer, Jones et al. (1992) performed a CHT to deter mine specific yield and transmissivity. At this site, observation wells were installed at 0.9 m, 1.83 m, 2.74 m, and 3.66 m from the pumping well. The observation wells were so close to the pumping well that drawdown variations could be measured even under a small pumping rate.
As such, a multiple-well CRT was conducted for the validation of the estimates from the CHT. For the current study, however, it is rather difficult to install wells so closely spaced because of the site geology and the depth to the aquifer. Therefore, the estimates of the CHITs cannot be validated by the CRT method. However, two slug tests were performed at the test wells, respectively. The data can be used to validate the transmissivity determined from the CHITs (slug tests are not appropriate for the estimation of the storage coefficient.)
The initial head drop H 0 for the slug test was 9 .1 m at test well 1, and was 10 m at test well 2. As shown in Fig. 9 , the slug test data of log(H (t)/H 0 ) are plotted against time, where H (t) w w denotes the water level recovery at the test wells. Test well 2 has no skin, and its slug test data exhibit an upward curve that remarkably resembles the double-straight line curve as displayed in Bouwer (1989; Fig. 4 ) where well skin is absent. The first straight line extends from t = 0 to about one minute with a relatively steep slope, and the second straight line spans over the period from 1 to about 12 minutes with a milder slope of0.134/min. Bouwer (1989) sends water into the well. After the water level in gravel pack has drained to the water level in the well, the flow into the well slows down and the data points begin to form a second, less steep, straight line. This second straight line is more indicative of the native aquifer and can be applied to the Bouwer and Rice method (1976) for calculating T (Bouwer 1989) . As a result, the T value determined from the slug test at test well 2 is l .89x10-3 m2/min, slightly higher than the 1.68xl0-3 m2/min estimated from the CHITs. Test well 1 has skin effects, and its slug test data demonstrate a concave downward curve that is similar to the type curves presented by Yang and Gates (1997) for slug tests in wells of skin effects. The early water level recovery is retarded compared to the late water level recovery. This is because in the early times groundwater flow is restricted to the less permeable skin region. Yang and Gates (1997) indicated that the late-time data are closely reflective of ground water flow in the native aquifer, and the Bouwer and Rice (1976) method can be applied to estimate transmissvity. For test well I, the slug test data from about 12 to 16 minutes appear as a straight line representative of the late-time data. Then, by the Bouwer and Rice (1976) method, Ti s determined as 1.72 x10-3 m2/min, very close to 1.68x l0-3 m2/min. Therefore, the CHIT proposed here yields a transmissivity value that is in good agreement with that calculated from the slug tests, supporting the validity of the estimates from the CHITs.
CONCLUSIONS
The following conclusions can be drawn from the preceding discussion:
1. Overflowing the test well is relatively easy, and thus simplifies the process of securing a constant head, rendering the CHIT an easy aquifer test in low-T aquifers where the conven tional CRT usually fails_ In addition, the difference between the injection rate and the over flow rate directly yields the cumulative volume V jt) entering the aquifer. The V w(t) is characteristic of the aquifer hydrogeologic properties and can be used for parameter estimation.
2.
If the semilog plot of t/V w (t) or h)IV w(t) displays an early-time and a late-time straight-line segments joined by a smooth curve at intermediate time, a skin region of a thickness greater than 15rw possibly exists around the test well, and the finite skin approach is appropriate for modeling the problem of interest. If the semilog plot of t/V w(t) exhibits only a smooth curve with a straight-line tail at large time, either the skin region is absent or it can be simulated by using the infinitesimal skin approach.
3. Without well skin, the two unknown parameters T and S can be uniquely determined using V )t). If well skin exists, however, there are four unknown parameters, among which only T can be uniquely determined while the remaining T,, r,, and S are obtained in appropriate ranges. In order to avoid non-unique results for the aquifer parameters , the test well should be carefully constructed with complete and thorough well development to prevent well skin from forming.
4.
While the CHIT is a useful means for parameter estimation in both low-and high-transmis sivity aquifers, more detailed validation of the parameter estimation is recommended. Due to the limitation of the site hydrogeology, we are only able to perform slug tests for the sake of validation. The T values determined by the CHITs and by the slug tests are in good agreement. However, S determined from the CHIT remains unverified because the slug test is not suitable for estimating the storage coefficient. For future research, it is suggested that a CHIT and a multiple-well CRT be performed in a high-transmissivity aquifer. Then, T and S determined from the multiple-well CRT can be used for validating T and S obtained from the CHIT. 
Qi(t )
inflow rate, L3/T. 
S'
storage coefficient of the aquitard . [p+ � p{3a coth{ �pa I {3 )]°' 5
